Treatment-related toxicity in acute lymphoblastic leukemia (ALL) cannot only be lifethreatening but may affect relapse risk. In 240 patients, we determined whether toxicities were related to 16 polymorphisms in genes linked to the pharmacodynamics of ALL chemotherapy, adjusting for age, race (self-reported or via ancestry-informative markers), sex and disease risk group (lower vs. higher-risk therapy). Toxicities (gastrointestinal, infectious, hepatic, and neurological) were assessed in each treatment phase. During the induction phase, when drugs subject to the steroid/cytochrome P4503A pathway predominated, genotypes in that pathway . In all three treatment phases, a glucuronosyltransferase polymorphism predicted hyperbilirubinemia (p = 0·017, < 0·0001, and < 0·0001, respectively) and methotrexate clearance (p = 0·028), which was also independently associated with hyperbilirubinemia (p = 0·026). The genotypephenotype associations were similar whether analyses were adjusted by self-reported race or ancestry-informative genetic markers. Germline polymorphisms are significant determinants of toxicity of antileukemic therapy.
Introduction
Acute lymphoblastic leukemia (ALL) is cured in approximately 80% of children with multiagent chemotherapeutic regimens.
1-4 Treatment-related toxicity cannot only be life-threatening 5, 6 but is also one of the main reasons for interruption or discontinuation of chemotherapy, which may increase relapse risk. Moreover, adverse events affect the quality of life for patients during and after cancer therapy. [7] [8] [9] [10] Prediction of toxicity is difficult, because of wide interpatient variation in pharmacokinetics and pharmacodynamics of antileukemic agents. A trial-and-error approach to dosing is not optimal due to delay between dosing and toxicity, and because the same toxicity (e.g. myelosuppression) can be attributable to multiple drugs.
The extent to which genetic predisposition influences risk of common toxicities is not clear.
Toxicity from anticancer drugs can be affected by inherited polymorphisms in genes that encode drug-metabolizing enzymes, transporters, targets, and receptors. [11] [12] [13] [14] Although we and others have assessed whether germline polymorphisms relate to antileukemic agent toxicity, [15] [16] [17] [18] most prior studies have focused on few polymorphisms and very specific toxicities, and did not assess the influence of gene-gene interactions. Moreover, many studies failed to account for confounding factors such as age, sex, race, and differences in chemotherapeutic regimens. 9, [19] [20] [21] Herein, we used a candidate-gene approach, adjusting for confounding factors, to determine whether all common therapy-induced toxicities (gastrointestinal toxicity, infection, hyperbilirubinemia, and neurotoxicity) were related to 16 common polymorphisms in genes involved in the pharmacodynamics of ALL therapy. We also assessed whether pathwayoriented groupings of these genetic polymorphisms were useful. These results are interpreted in the context of our prior analysis of genes influencing relapse risk. 22 For personal use only. on . by guest www.bloodjournal.org From 4
Methods

Patients
Of 247 children with newly diagnosed ALL treated on the Total XIIIB study 23 at St. Jude
Children's Research Hospital, 240 were evaluable herein. We excluded one patient who died shortly after diagnosis and did not have a remission DNA sample; five patients with Down syndrome and one patient with cystic fibrosis because their underlying diseases can influence toxicity. 24, 25 The study was approved by St. Jude Children's Research Hospital's Institutional
Review Board, and informed consent was obtained from parents, guardians, or patients (as appropriate). Patients were prospectively assigned to one of two treatment groups based upon relapse risk (lower or higher/intermediate).
Of the 240 evaluable patients, 3 patients came off study due to toxicity; 30 patients were censored prior to the end of treatment because of relapse (n=8), second cancer (n=3), stem cell transplantation (n=3), induction failure (n=3) and other reasons (n=13). However, for each treatment phase, all patients were included in the analysis up to time of censoring.
Upon admission, patients (or their parents) were asked to declare their "race" according to institutional guidelines including black, white, Asian and other. Therapy was divided into three phases: 8 weeks of remission induction, 2 weeks of consolidation, and 120 weeks of continuation therapy (including a reinduction phase at weeks 16-21) as described.
23
Remission induction consisted of "window" therapy with mercaptopurine, alone or combined with low-or high-dose methotrexate, followed 4 days later by prednisone, vincristine, Standard supportive care included the use of three-day-a-week oral trimethoprim/sulfamethoxazole as the only antimicrobial prophylaxis and ondansetron as the primary antiemetic; use of filgrastim and antifungal prophylaxis was rare.
Toxicities
Toxicities were graded using NCI Common Toxicity Criteria version 1.0 and included the most common toxicities: gastrointestinal (stomatitis or diarrhea), infection, hyperbilirubinemia, and neurotoxicity (Table 1) . For analyses, toxicity grades were used to dichotomize toxicities as "present" versus "absent" with grade 3-4 or grade 2-3 toxicities considered as present, depending on phase, as defined in Table 1 . Neurotoxicity was divided into vincristine-related peripheral neuropathy (e.g., constipation, neurosensory, and neuromotor) or methotrexaterelated central nervous system toxicity (cerebellar or cortical).
For remission induction, time at risk was from beginning of therapy until start of consolidation treatment. For consolidation phase, time at risk was from the start of consolidation until 4 weeks after completion of consolidation, or until start of continuation therapy, whichever came first. During these two phases, if a patient experienced multiple episodes of the same toxicity, the highest grade for that phase was used in the analysis. For toxicity occurring during continuation treatment, time at risk was from the beginning of continuation until 2 weeks after 
repeat, UGT1A1 promoter repeat, VDR intron 8 G>A, and VDR FokI (start site) T>C] was performed as described 22 and was 100 percent successful. 
Statistical analysis
Genotypes for each polymorphic locus were placed in binary groups for statistical analysis as described. 22 The percentage of patients in the less common genotypic group at each locus ranged from 3·3 to 48·8 percent (median 31·7 percent, Table 2 ). Except for the continuation phase, toxicity was regarded as a dichotomous variable. Exact Chi-square tests were used to
For personal use only. on . by guest www.bloodjournal.org From examine the association between self-reported or AIMs-determined race, age, or upfront treatment-arm categories (mercaptopurine, mercaptopurine plus high-dose methotrexate, mercaptopurine plus low-dose methotrexate, or none) and each type of toxicity. Fisher's Exact tests were used to examine the association between sex (142 male, 98 female) or risk category (126 on lower-risk vs. 114 higher risk) and each toxicity. Self-reported race was divided into 4 categories: whites (n = 167), blacks (n = 44), Asian (n=1) and others (n = 28); race determined by AIMs was reported as a percentage of 4 categories for each patient: SubSaharan African, European, Native American and East Asian; age was treated as 3 categories: less than 1 (n=10), 1 to 10 (n=159) and over 10 years old (n=71).
For the induction and consolidation period, logistic regression was used to test whether toxicity was related to each genotype. For the continuation period, each toxicity event was assumed to be independent, and weighted logistic regression was applied to test the association between genotype and each toxicity event. Because the duration of continuation therapy was extensive, time-at-risk for toxicity was considered. Each episode of toxicity was weighted according to the patient's duration of risk for toxicity by the following formula:
where Z i is cumulative incidence of toxic episodes (of a given type) at time of the i th episode or at the time of censoring, tox=1 if Z i corresponds to a toxicity episode, and tox=0 otherwise.
Preliminary analyses revealed that some toxicities differed by treatment group or demographic factors (Supplemental Table 1 To investigate whether multigenic genotypes predicted toxicities, we categorized the polymorphisms into 3 functional pathways ( Figure 1) ; glucocorticoid-related genes (CYP3A, MDR1, NR3C1, VDR), phase II conjugating enzyme genes (GSTs, UGT1A1), and antimetabolite-related genes (MTHFR, RFC, TPMT, TYMS), and we defined high, medium and low "activity" for each of these three pathway groupings (Supplemental Table 5 ). We performed multivariate weighted logistic regression, adjusting for age, sex, treatment groups, and race, to test whether multi-gene genotypes affected toxicity.
The stepdown Bonferroni method of Holm was used to assess the statistical significance of the correlations among genotypes. 29 The log rank test was used to compare the cumulative incidence of toxicity by genotypic groups. A linear or logistic regression model was used to assess the association between genotypes and methotrexate clearance or between toxicity and methotrexate clearance, respectively.
For personal use only. on . by guest www.bloodjournal.org From
Results
Self-reported vs AIMs determined race.
Because both genotypes 22 and some toxicities (Supplemental Table 1 ) differed by race, we further refined assessment of race using percent of biogeographical ancestry based on AIMs (Figure 2 ). The relationships between candidate genotypes and toxicity were essentially identical whether adjusting for self-reported race or % ancestry by AIMs (Table 3) ; hence the odds ratios and p-values reported below are adjusted for self-reported race.
Remission induction.
Multiple (eight) drugs were given and many toxicities were observed over the 8-week period (Table 1) . Accordingly, different genotypes were associated with each toxicity: GSTT1 null and VDR intron 8 GG genotypes were significantly associated with gastrointestinal toxicity;
CYP3A5, RFC and VDR intron 8 polymorphisms with infection; and GSTM1, UGT1A1, VDR
FokI and VDR intron 8 polymorphisms with hyperbilirubinemia (Table 3 , Figure 3 ).
Consolidation.
Only antimetabolites (methotrexate and mercaptopurine) were given, and the most common toxicities were gastrointestinal and hyperbilirubinemia (Table 1 ). The RFC 80A allele, a polymorphism in the methotrexate uptake transporter, was the only genotype significantly associated with gastrointestinal toxicity, and the UGT1A1 7/7 genotype was highly predictive for hyperbilirubinemia (Table 3 , Figures 3 and 4) , as in remission induction. When genotypes were combined into three pathway-directed functional groups (defined in Figure 1 , Supplemental Table 5 ), the antimetabolite pathway group was related to gastrointestinal toxicity (overall p =0·0058), whereas the phase II conjugating enzyme group was highly
For personal use only. on . by guest www.bloodjournal.org From (overall p = 0·0015) and the glucocorticoid group was weakly related to hyperbilirubinemia (overall p = 0·047) (Supplemental Table 6 ).
Continuation.
Multiple agents were given over 120 weeks, but glucocorticoid use was less intensive than during remission induction. The UGT1A1 polymorphism remained the strongest predictor (odds ratio 17·0, p < 0·0001) of hyperbilirubinemia (Table 3 , Figure 3 ), as during induction and consolidation; incidence of first episode of hyperbilirubinemia was strongly related (p < 0·001) to UGT1A1 genotype (Figure 4) . The CYP3A5 and VDR intron 8 polymorphisms were associated with peripheral neurotoxicity and the GSTP1 GG genotype with central nervous system toxicity ( Table 2 ). The RFC 80 A allele continued to significantly associate with gastrointestinal toxicity as during consolidation (Table 3 , Figures 3 and 4) . With genotypes combined into pathway-directed functional groups, the phase II conjugating enzyme group genotype was related to hyperbilirubinemia (overall p = 0·0007) and to central nervous system toxicity (overall p = 0·0269), and the glucocorticoid group genotype was associated with peripheral neurotoxicity (overall p = 0·0235) (Supplemental Table 6 ).
Methotrexate pharmacokinetics.
The only antileukemic agent for which pharmacokinetic data were available for all patients was high-dose methotrexate, given twice during consolidation and up to 8 times during continuation. In univariate logistic regression analyses, the only toxicities significantly related to methotrexate clearance were gastrointestinal toxicity (p = 0·044) and hyperbilirubinemia during the continuation phase (p = 0·0001), although only the latter was significant in a multivariate analysis (p = 0·0262), with average methotrexate clearance lower (92·0 ± 22·2 ml/min/m 2 ) among patients who experienced hyperbilirubinemia than among those who did not (113·4 ± 24·4 ml/min/m 2 ) (Supplemental Figure 1) . Methotrexate clearance significantly predicted hyperbilirubinemia even after adjusting for UGT1A1 genotype (p = 0·0240). Average methotrexate clearance was lower (102·5 ± 24·0 ml/min/m 2 ) among patients with the loweractivity UGT1A1 7/7 genotype than those with other UGT1A1 genotypes (113·6 ± 24·9 ml/min/m 2 ; p = 0·0284) (Supplemental Figure 1) . The UGT1A1 7/7 genotype significantly predicted hyperbilirubinemia (p = 0·0003) even after adjusting for methotrexate clearance.
Methotrexate clearance did not differ between patients with RFC AA/AG and GG genotypes (112·7 vs 113·3 ml/min/m 2 , p = 0·93).
Genotype Correlations.
To test whether association of genotypes with toxicities was confounded by associations among genotypes, we assessed correlations among genotypes at the 16 loci. Other than the expected linkage disequilibrium within some loci (e.g., CYP3A4 with CYP3A5; MDR1 exon 21
with MDR1 exon 26 polymorphisms), the only genotypes correlated were the MDR exon 21
and CYP3A4 polymorphisms (p < 0·001) (Supplemental Table 7 ). However, these two loci
were not associated with toxicities in this analysis, and when gene-gene interactions were assessed separately within racial groups, there was no association between the two polymorphic loci (p = 1·00 in whites).
For
Discussion
In this comprehensive pharmacogenetic study of patients with leukemia, several inherited polymorphisms were significantly related to toxicity of antileukemic therapy. Of particular interest are polymorphisms related to toxicity during more than one phase of therapy, those that predicted more than one type of toxicity (Figure 3) , and those that could be related to pharmacokinetics of specific medications. 30, 31 We found that RFC genotype was associated with infection and gastrointestinal toxicity (Table   3) ; patients harboring the A allele exhibiting a substantial increase in incidence of gastrointestinal toxicity (Figures 3 and 4) . RFC codes for a membrane transporter responsible for cellular uptake of reduced folate and methotrexate. 32 Prior experimental work has failed to yield an unequivocal functional consequence resulting from the G to A nonsynonymous substitution at position 80, 33, 34 although several clinical studies corroborate findings of enhanced toxicity associated with the A allele. Although it has been reported that patients with the RFC AA genotype have higher plasma methotrexate concentrations than those with the AG or GG genotype, 35 our data did not corroborate that finding. While these results indicate a potential role for this RFC SNP in toxicity for patients on this protocol, we acknowledge that such genotype/phenotype associations could be complicated by other folate-related polymorphisms, the regimen of leucovorin rescue relative to the methotrexate exposure, and the indirect effects of the RFC on folate and purine/pyrimidine homeostasis.
The strongest predictor of hyperbilirubinemia was the UGT1A1 promoter-repeat polymorphism (Table 3 , Figures 3 and 4) . Bilirubin is a substrate for UGT1A1, and the promoter-repeat polymorphism predicts hyperbilirubinemia even in the absence of drug challenge.
36,37
However, in the presence of drug challenge, bilirubin concentrations could conceivably be
For personal use only. on April 7, 2017. by guest www.bloodjournal.org From 13 even higher, especially in patients with the low activity UGT1A1 7/7 genotype. In fact, we found that patients with low methotrexate clearance were at higher risk of hyperbilirubinemia (Supplemental Figure 1) , and because both methotrexate clearance and UGT1A1 polymorphism predicted hyperbilirubinemia, it is possible that higher concentrations of both bilirubin and methotrexate could be due to lower clearance of both, by virtue of each interacting with UGT1A1. This is consistent with a report that methotrexate can inhibit glucuronidation.
38 Thus, lower UGT1A1 activity could directly result in hyperbilirubinemia due to reduced bilirubin conjugation, and also indirectly by resulting in higher plasma methotrexate, which could competitively inhibit bilirubin conjugation and excretion.
The VDR intron 8 polymorphism has been associated with several clinical phenotypes, 19;39-41 directly or through regulation of CYP3A 42 or p-glycoprotein, but has not previously been associated with the toxicities reported here. We found that VDR intron 8 GG genotype was related to gastrointestinal toxicity and infection during induction (Table 3 ). In contrast, there was no association between VDR polymorphisms and toxicities during consolidation, when only antimetabolites were used. VDR effects on other "glucocorticoid" pathway genes (CYP3A, MDR1, and NR3C1) are complicated when glucocorticoids are given along with other CYP3A/MDR1 substrates during the remission induction phase, because glucocorticoids are potent enhancers of plasma clearance of antileukemic agents (Figure 1) , 41 which may function as both substrates and inhibitors of CYP3A. Thus, if a polymorphism causes decreased CYP3A activity, this may decrease clearance for most CYP3A substrates (e.g., vincristine, etoposide and daunorubicin) but that may be countered by greater exposure to glucocorticoid, which increases clearance of CYP3A substrates. Hence, that the VDR intron 8
GG genotype was associated with greater toxicity during remission induction but lower toxicity during the continuation phase (Table 3) could be because steroids are given continuously during remission induction but not in continuation. Similar considerations may explain why the For personal use only. on . by guest www.bloodjournal.org From "low activity" CYP3A5 G allele was associated with higher risk of toxicity during induction but with lower risk during continuation (Table 3 ).
The toxicities we analyzed were the most common we observed that included grades 3 and 4, but not all toxicities were dose-limiting. For example, hyperbilirubinemia or peripheral neuropathy rarely influenced delivery of therapy, whereas severe infection or mucositis generally resulted in therapy delays. Other ALL studies that emphasize other medications are likely to result in identification of alternative predictive polymorphisms, and both alternative candidate gene and genome-wide strategies to assess germline genotype effects on toxicity are likely to identify additional predictive genotypes.
It has been suggested that a series of polymorphisms within pathways may be more predictive of pharmacologic phenotypes than single gene loci. To address this, we clustered polymorphisms into 3 functional groups (Figure 1 , Supplemental Table 5 ). However these multigenic "pathway" genotypes were no more informative than the strongest individual loci (compare Supplemental Table 6 to Table 3 ). It is possible that genotypes for polymorphisms in some genes have evolved to "compensate" for dysfunction in other genes. That MDR1 and CYP3A polymorphisms are significantly associated with each other when all racial groups are combined, and that multigenic pathways are not more predictive of toxicity than single loci, support our hypothesis that human polymorphisms tend to act to "cancel each other out" rather than necessarily accentuating inter-individual phenotypic differences.
Inactivating polymorphisms in TPMT
12 were not associated with toxicity in this study, as they were in our prior clinical trial. 43 This is because the current study included algorithms for prospectively measuring TPMT status and adjusting mercaptopurine dosages downward in all children with at least one TPMT non-functional allele and evidence of myelosuppression. This
For personal use only. on . by guest www.bloodjournal.org From illustrates the potential clinical benefit of prospectively adjusting chemotherapy based on genotypes that have been definitively linked to risk of specific adverse drug effects. In this regard, new genotype/phenotype associations identified in the current study could also lead to less toxicity once translated into routine clinical use in future protocols.
It has been shown that population genetic structure may confound candidate genotypephenotype association studies. 44, 45 The improvement in defining genotype vs phenotype relationships likely depends upon the mechanistic basis for confounding by race, the "accuracy" of self-reported race, as well as racial composition of the group. In this study, the more refined assessment of race made possible by genotyping at 176 markers (n=240) did not alter our genotype vs toxicity findings compared to adjusting for self-reported race, perhaps because of high concordance ( Figure 2 ) between genetically-assessed and self-reported race in this cohort.
How should these polymorphisms that affect toxicity be interpreted in the context of their effects on relapse risk? In this protocol, the strongest predictors of hematologic relapse were the higher-activity GSTM1 non-null and the TYMS 3/3 genotypes. 22 Fortunately, we found that neither of these polymorphisms was associated with toxicity. Our results raise the possibility that one may be able to identify pharmacogenetic profiles for patients in whom increased dosages may be warranted to decrease risk of relapse, and others in whom decreased dosages may be necessary to decrease risk of toxicity. Further studies including patients on alternative chemotherapeutic regimens would be beneficial to enhance the observations herein, as it is likely that additional predictive genotypes may be elucidated by future candidate gene or genome-wide studies. + Odds ratio and p-value for genotype predictors of toxicity adjusted for non-genetic predictors of toxicity using AIMs determined race.
